Numerical simulations of trapped field B z and temperature T have been performed for a cryo-cooled superconducting bulk disc after applying a magnetic pulse using a vortex-type coil. Results of the simulation qualitatively reproduced experimental results reported by Ida et al (2004 Physica C 412-414 638). Using the vortex-type coil, the magnetic flux does not intrude into the bulk from the periphery but intrudes from both surfaces of the bulk disc. The temperature rise was less than that obtained when using a conventional solenoid coil. The effect of the trapped field enhancement using a long pulse application is small, which suggests that down-sizing of the condenser bank used for the pulsed field magnetization is possible and that the use of the vortex-type coil is desirable for practical applications.
Introduction
As a technique for magnetizing bulk REBaCuO (RE: rare earth element or Y), pulsed field magnetization (PFM) has been investigated intensively for practical applications as a substitute for field-cooled magnetization (FCM) because PFM is an inexpensive and mobile experimental set-up that obviates the use of a superconducting solenoid coil. Using a solenoid copper coil, the trapped field B z achievable by PFM is nonetheless lower than that achievable by FCM because of the large temperature rise caused by the dynamical motion of the magnetic flux. Several approaches have been undertaken to enhance B z using a multi-pulse technique, including an iteratively magnetizing pulsed field method with reducing amplitude (IMRA) [1] and a multi-pulse technique with stepwise cooling (MPSC) [2] . Considering our obtained experimental results for the time and spatial dependences of the temperature T (t, r ) and local field B z (t, r ), and the trapped field B z on the surface of cryo-cooled REBaCuO bulk during PFM [3] [4] [5] , we proposed a new PFM technique designated as modified MPSC (MMPSC) [6] and produced the highest field trap of B z = 5.20 T on a 45 mm GdBaCuO bulk at 30 K [7] , which is a record high value by PFM to date.
Ida et al proposed a new PFM technique using a vortextype coil. The coil consists of a couple of copper coils and was developed for the magnetization of the bulks by PFM which were used as pole field magnets in the rotor plate in a synchronous motor [8] . They demonstrated that, using the vortex-type coil, the magnetic flux starts to trap on the bulk centre, even for the lower pulsed field B ex , and that the maximum trapped field was better enhanced than that obtained using the solenoid coil. Recently, a higher magnetic field has been trapped in the superconducting bulk, extending it by as much as 140 mm in diameter using a vortex-type coil [9] . However, the mechanism of the field trap has not been clarified.
Several studies of theoretical simulations for PFM have reported using a solenoid coil [10] [11] [12] . Experimental research has remained limited and has shown little progress in exploring the enhancement of the trapped field using PFM. Therefore, we have also constructed the framework of theoretical simulation in the superconducting bulk during PFM using the solenoid coil and have simulated the time and spatial dependence of the local field B z (t, r ) and temperature T (t, r ) in the superconducting bulk for a single magnetic pulse application [13] , for successive pulsed field application with identical strength (SPA) [14] , and for MMPSC [15] , all of which reproduced the experimental results qualitatively.
As described in this paper, we simulated the trapped field and temperature rise in the superconducting bulk magnetized by a pulsed field using the vortex-type coil. We examined the mechanism of the field trap using the vortex-type coil and compared the results with those obtained using the conventional solenoid coil. Figure 1 portrays the geometric configuration for the superconducting bulk and the pulsed coil. In the simulation, a set of vortex-type coils was replaced by that of split coils with a small inner dimension. For the vortex-type coil, the bulk (46 mm diameter and 15 mm thickness) was cooled to T s = 40 K from the side surface (along the ab-plane direction) and was placed between a set of vortex-type coils (ID = 4 mm, H = 35 mm). In this study, vortex-type coils of two types were examined for the simulation: the vortex Scoil (OD = 30 mm) and the vortex L-coil (OD = 62 mm), as portrayed in figures 1(a) and (b). The distance between the bulk surface and the coil edge was 10 mm. For comparison, the simulation was also performed for the bulk using the solenoid coil (ID = 82 mm, OD = 116 mm, H = 50 mm), where the bulk was cooled to T s = 40 K along the c-axis, as presented in figure 1(c) . For all cases, the spacing plate of 1 mm in thickness with thermal conductivity, κ cont (=0.5 W m −1 K −1 ), was set between the bulk and the supporting brass block, which imaginarily represented both the cooling power of the refrigerator and the thermal contact of the bulk to the brass block.
Theoretical model and simulation
Physical phenomena during PFM are described using electromagnetic and thermal equations on the axisymmetric co-ordinate, which were obtained from [12] . Based on the setup around the bulk, the framework of the theoretical simulation was constructed.
The power-n model (n = 8) was used to describe the nonlinear E-J characteristic in the ab-plane of the superconducting bulk as
where J c is the critical current density in the ab-plane and E c (=1 × 10 −6 V m −1 ) is the reference electric field. The temperature and magnetic field (along the c-axis) dependence of the critical current density J c (T, B) were described as
where T c is the critical temperature (=92 K) at B = 0 and B 0 (=1.3 T) is constant. The constant value of α = 4.6 × 10 8 A m −2 was used for this study, which showed J c (40
Iterative calculation was performed to obtain the convergence of electrical conductivity σ in the bulk at each time step.
The time dependence of the pulsed field B ex (t) along the c-axis with a rise time of τ was approximated as
The simulation was performed mainly for τ = 0.01 s. It was also performed for τ = 0.001 and 1 s for comparison in section 3. along the c-axis, are described elsewhere [13] .
Results of simulation and discussion

Trapped field profile and temperature rise
Figures 2(a) and (b) respectively portray the trapped field B z (r = 0) and maximum temperature T max (r = 0) at the centre of the bulk surface after applying the pulsed field B ex using the vortex S-coil, vortex L-coil, and the solenoid coil. For the solenoid coil, B z (r = 0) starts to increase at B ex = 4 T, becomes a maximum at B ex = 6 T and then decreases with a further increase in B ex . The temperature T max (r = 0) increased monotonically with increasing B ex . The results of the simulation for the solenoid coil reproduced the experimental ones qualitatively [4] . However, in the case using the vortex Scoil, the magnetic flux starts to be trapped for B ex as low as 1 T and B z (r = 0) increased concomitantly with increasing B ex .
The maximum B z (r = 0) was 2.6 T at B ex = 9 T, which was higher than that attained using the solenoid coil. The temperature rise for the vortex S-coil increases concomitantly with increasing B ex , but it was about one-third or one-quarter as large as that obtained using the solenoid coil. Figure 2 (c) presents experimental results obtained by Ida et al for the trapped field B z on the centre of the GdBaCuO bulk surface at 77 K as a function of applied pulsed field B ex using both the vortex-type coil and the solenoid coil, as re-written from [8] . 4 T, reaches a maximum at 7 T and then decreases concomitantly with increasing B ex . The B z (r = 0) and T max (r = 0) for the vortex L-coil show intermediate behaviours between those of the cases using the vortex S-coil and the solenoid coil. To enhance the B z value, the OD value should be decreased and then the B z value using the vortex-type coil is larger than that using the solenoid coil. Hereafter, we focus on the vortex S-coil and compare the characteristics of the trapped field and temperature with those using the solenoid coil.
Figures 3(a) and (b) respectively present the trapped field B z (r ) profiles on the bulk surface for various applied fields B ex using the vortex S-coil and the solenoid coil. The positions of r = 0 and 23 mm are, respectively, the centre and edge on the bulk. For the vortex S-coil, the convex B z (r ) profile was achieved even for the lower B ex and B z (r ) increases concomitantly with increasing B ex . The convex shape of the trapped field profile at even lower B ex is advantageous for the realization of the superconducting bulk magnet. However, for the solenoid coil as portrayed in figure 3(b) , the B z (r ) profile changes from concave for lower B ex to convex for higher B ex ; then the B z (r = 0) value decreases with further increase in B ex . These behaviours using both coils are consistent with experimental results as shown in figure 2(c) . Figure 4 depicts the trapped magnetic flux distribution in the cross section of the bulk after applying the magnetic pulse of B ex = 4 and 6 T using the vortex S-coil (left) and the solenoid coil (right). In each panel, arrows indicate the magnitude and the direction of the trapped magnetic field at each position, but the absolute value of the magnitude is arbitrary. For the vortex S-coil, at B ex = 4 T, the trapped magnetic flux was oriented towards the r -direction in the inner position and was oriented towards the z-direction on the bulk surface. No flux trap exists in the core of the bulk because of the low B ex value. The magnetic flux starts to intrude into the core of the bulk at B ex = 6 T. In addition, the direction of the trapped magnetic field thoroughly aligned to the z-direction with a further increase in B ex . As a result, the trapped field B z along the z-direction at the centre of the bulk surface increased concomitantly with the increase in B ex .
However, for the solenoid coil, at B ex = 4 T, the magnetic flux was trapped mostly around the bulk periphery. No trapped flux exists at the bulk centre. The direction of the trapped field in the bulk was along the z-direction because the magnetic flux intrudes into the bulk from the periphery. The magnetic flux can be trapped at the bulk centre at B ex = 6 T and the shape of the trapped field along the z-direction is convex. The magnitude of the magnetic field decreased with a further increase in B ex because of the large temperature rise. In this way, the trapped field profile in the bulk and the magnetizing mechanism differ greatly among magnetizing coils.
Time dependence of the magnetic flux movement and temperature rise
In section 3.1, the trapped field profile in the bulk differs greatly in the case using each magnetizing coil because of the different mechanism of flux intrusion. In this section, we investigate the time evolution of the flux intrusion and the temperature rise in the bulk using each magnetizing coil. Figures 5(a) and (b) show the time evolution of the local field B z (t) at r = 0, 10, and 20 mm on the bulk surface after applying the magnetic field of B ex = 6 T using the vortex S-coil and the solenoid coil, respectively. In the figures, the magnetic pulsed field B ex (t) defined by equation (3) is also shown. Using the vortex S-coil, the local fields B z (t) at all positions take a maximum around t = 0.01 s and then decrease concomitantly with increasing time. The local field B z (r = 0 mm) is the maximum on the bulk surface. However, using the solenoid coil, B z (t) reaches a maximum at r = 20, 10, 0 mm in this order with time and then decreases concomitantly with increasing time.
Figures 6(a) and (b) present the time evolution of the local temperature T (t) at r = 0, 10, and 20 mm on the bulk surface after applying the magnetic field of 6 T using the vortex S-coil and the solenoid coil, respectively. Using the vortex S-coil, T (t) at r = 20 and 10 mm reach their respective maxima of 50 and 52 K at around t = 0.01 s; then they Figure 5 . Time evolution of the local field B z (t) (r = 0, 10, and 20 mm) on the bulk surface after applying the magnetic pulse field of B ex = 6 T using (a) the vortex S-coil and (b) the solenoid coil. The magnetic pulsed field B ex (t) defined by equation (3) is also shown. decrease concomitantly with increasing time. The temperature T (t) at the centre of the bulk surface reaches a maximum of 46.5 K at t = 0.5 s and then decreases concomitantly with increasing time. However, using the solenoid coil, T (t) rises and reaches a maximum at r = 20, 10, 0 mm in this order with time and then decreases concomitantly with increasing time because of the flux intrusion from the bulk periphery. In those figures, the scales of the ordinates are different. At the centre of the bulk surface (r = 0 mm), using the vortex S-coil, the temperature rise is small (T max = 46.5 K) and the time t m at which the temperature rise reaches a maximum is short (t = 0.5 s). Using the solenoid coil, the temperature rise is large (T max = 66 K) and t m is 5 s. These results qualitatively reproduce the experimental ones obtained using the solenoid coil and the split coil, which resembles the vortex-type coil [4] . In figures 5 and 6, not only the coil configuration but also the cooling condition differ between the vortex-type coil and the solenoid coil in the results of the simulation. To separate them, an additional simulation was performed for the bulk cooled from the bulk periphery using the solenoid coil. Figure 7 (a) shows the time evolution of the local field B z (t) at r = 0, 10, and 20 mm on the bulk cooled from the bulk periphery after applying the magnetic field of B ex = 6 T using the solenoid coil. The coil configuration is illustrated in the inset. Let us compare the results in figure 7 (a) and those in figure 5(b) . It should be noted that the results in figure 7 (a) closely resemble those in figure 5(b) with a slight decrease in B z (t) at each position because of the difference of the cooling condition. Figures 7(b) and (c) show respectively the trapped field B z (r = 0) and the maximum temperature T max (r = 0) for both cooling conditions as a function of the applied field B ex . B z (r = 0) for the bulk cooled from the bulk periphery is slightly larger and T max (r = 0) is slightly lower, compared with those for the bulk cooled from the bottom. Because, using the solenoid coil, the heat generation takes place at the bulk periphery mainly and the generated heat was exhausted effectively from the side surface in the bulk cooled from the periphery. As a result, the cooling condition was hardly influenced for the field trap and the differences in the field trap between the vortex-type coil and the solenoid coil, as shown in figure 2(a) , result from the coil configuration.
Effect of the rise time of the magnetic pulse using a vortex-type coil
In a previous paper, we presented a long magnetic pulse application during PFM as a possible solution to enhance the trapped field using the solenoid coil [13] . In this section, we discuss the effect of the rise time elongation of the magnetic pulse on the trapped field characteristics using the vortex Scoil. Figures 8(a) and (b) depict the trapped field B z (r = 0) and maximum temperature T max (r = 0) at the centre of the bulk surface as a function of the applied field B ex for various rise times τ of the magnetic pulse. The results for τ = 0.01 s are also shown. For B ex 7 T, B z (r = 0) increases slightly with increasing τ , and for B ex 8 T, B z (r = 0) decreases slightly with increasing τ . However, it should be noted that no large difference exists for each τ value, which differs greatly from that obtained when using the solenoid coil [13] . These results show that a similar trapped field is obtainable even for small τ values and suggest that the condenser bank capacity used for PFM can be down-sized. In PFM, after a large amount of electricity is charged in the capacitance in the condenser bank, it is discharged through the magnetizing coil. The rise time τ becomes short with the decrease in the inductance L of the coil and capacitance C of the condenser bank. As a result of the short τ value, the volume of the condenser bank can be down-sized, although it is necessary to enhance the charged voltage. The suggestion is quite favourable for practical applications.
Summary
Numerical simulations of magnetic flux propagation and the temperature rise were performed for a cryo-cooled superconducting bulk disc using a vortex-type coil after applying a magnetic pulse, compared with those using a conventional solenoid coil. A summary of important results of the simulation and conclusions obtained from this study is presented below.
(1) The applied pulsed field dependence of the trapped field B z using the vortex-type coil qualitatively reproduced the experimental results reported by Ida et al. The magnetic field can be trapped even for a lower applied pulsed field and the maximum trapped field can be enhanced more than when using a solenoid coil. To enhance the B z value, the outer diameter (OD) of the vortex-type coil must be less than that of the superconducting bulk disc. (2) The time and spatial dependence of the local field and temperature in the bulk were simulated, revealing a clear difference in the magnetizing mechanism. For the vortextype coil, the magnetic flux intrudes mainly into the bulk from the surfaces. However, for the solenoid coil, all magnetic fluxes intrude into the bulk from the periphery. (3) The temperature rise during the flux intrusion for the vortex S-coil is one-third or one-quarter as large as that for the solenoid coil. Reduction in the maximum temperature rise also enhances the trapped field. (4) The effect of rise time elongation of the pulsed field on the trapped field enhancement has been simulated: the rise time τ was changed from 0.001 to 1 s. No large differences were found in the trapped field for each τ value. In other words, a similar trapped field is obtainable even for small τ values. These results suggest that the capacity of the condenser bank used in PFM can be down-sized, which is favourable for practical applications. The results of the simulation for the vortex-type coil must be reproduced and verified through further detailed experimentation.
